In District Heating (DH), a large number of buildings are heated from a central source by conveying steam or hot water through a network of insulated pipes. Waste-to-Energy (WTE) signifies the controlled combustion of municipal solid wastes to generate electrical and thermal energy in a power plant. Both technologies have been developed simultaneously and are used widely in Europe. In the United States, however, WTE is used principally fo r the generation of electricity. The advantages of district heating using WTE plants are: overall fu el conservation, by increasing the thermal efficiency of WTE, and overall reduction of carbon dioxide emissions to the atmosphere. The purpose of this study was to examine the current situation of district heating in the U.S. and determine the potential for applying DH to existing WTE plants. A preliminary evaluation was conducted of DR application at two WTE fac ilities in Connecticut: the Wheelabrator Bridgeport and the Covanta Preston fac ilities. Using a Canadian methodology, the minimal distribution heating network costs fo r Bridgeport were estimated at about $24 million dollars for providing heat to a surrounding area of one square mile and the DH revenues at $6.8 million.
Introduction
District Heating is defI ned as the distribution of thermal energy from a central source to a large number of residential, commercial and industrial consumers fo r use in space heating, water heating and process heating. The central source may be an oil-fued boiler, a Waste-to-Energy (WTE) plant, or the by product steam of a utility. This approach, also called "cogeneration" or "combined heat and power (CRP)", has a very high energy utilization efficiency that can reach 80%.
There are signifIcant advantages to be gained from a co generation WTE plant. First, the energy efficiency can be increased by means of DH from 22% (electricity production only) to 80%. For example, Danish WTE fac ilities obtain an average of 0.6 MWh of electricity and 2 MWh of heat per metric tonne of MSW, thus tripling the amount of total energy obtained from MSW. Second, the high efficiency and low emission levels of WTE fac ilities make them environmentally fr iendly solutions, as compared to other technologies.
Currently, a conventional Waste-to-Energy plant in the U.S. loses over two thirds of the energy released fr om the controlled combustion of municipal solid wastes (MSW). This energy is rejected in the condenser in the fo rm of low temperature water that is not used effectively. Therefore, DH presents WTE fac ilities with the opportunity to increase thermal efficiency. However, there are some challenges that 29 should be addressed. For example, it may be necessary to modify the steam turbine and provide equipment in the fac ility to recover heat in the fo rm of hot water. Moreover, the thermal efficiency of electricity generation will be reduced somewhat when co-generating heat and electricity, though the total efficiency will increase. Also, it takes several years to build an extensive district heating system and requires long-term planning. Thirdly, District Heating is capital-intensive and requires vision and commitment.
The purpose of this study is (I) to examine the current situation of the district heating in the U.S. and (2) to present the technical and economic aspects of applying DH to existing WTE plants in the United States. The study examines the retrofitting of two WTE fac ilities in Connecticut. These facilities were chosen because of their location in the northeastern region, where energy prices and population density are relatively high and encourage such a project. The study presents the advantages and disadvantages of retrofi tting these plants to co-generate heat and electricity and provide DH to their region. Finally, the study provides a very preliminary cost analysis of implementing this technology. district heating and cooling system in Indianapolis. However, there are a few U.S. district heating systems presently that use hot water fo r transporting energy, such as those at Co-op City in Bronx, NY, and St. Paul, MN. The United States has an estimated 5,800 district heating and cooling systems, providing 320 million MWh or 1.1 quadrillion Btu of energy. More than 2,000 state institutional fac ilities in the United States use district heating and cooling systems. However, current district heating and cooling systems in the U.S. supply less than 5% of the nation's heating and cooling load.
There has been no significant growth in demand fo r district heating in recent years [1] . However, there is now renewed interest in rejuvenating district heating, because of the increase in fuel oil and natural gas prices [2] [3] . Currently, natural gas is the primary heating fuel in the U.S., used by 52% of households in 1997. In contrast, the percentage of households mainly using fuel oil or kerosene fo r space heat is only 10%, 30% are using electricity and the remainder wood or liquefied petroleum gas (LPG) [4] . For example, in New York, more than fo ur out of five households have access to natural gas and most households use gas fo r space and water heating [5] . There is a growing motivation to expand existing district heating systems whenever circumstances make such augmentation possible. In fact, an analysis by Argonne National Laboratory showed that thermal capacity fo r district heating in the United States is approximately 300,000 MW that is a fifteen-fold increase from present district heating output. However, a joint effort between government and the private sector is required to expand the use of district heating in the future. The N ew York City district heating system of Con Edison Steam is the largest steam heating system in the western world and has been operated continuously since 1882. In recent years, the steam load has grown relatively slowly. For example, the 2004-2005 winter peak was 2850 MW (9.7 million pounds of steam per hour) and the company estimated that the 2005-2006 winter peak was 3000 MW (lOA million lb steam /h). Currently, the cost of producing one thousand pounds of steam is $20.5, i.e. 7 cents per kWh of heat; the fuel cost is half of this.
The steam system currently comprises about 140 km (87 miles) of mains and 30 km (18 miles) of service lines from 96th street to downtown Manhattan. Short-term steam marketing and sales are fo cused on locations on or near existing mains. This is due to the high cost to extend lines in the congested New York City subsurface: distribution and transmission line extensions in Manhattan cost about $2,000 and $4,000 per linear fo ot, respectively [6] . Hot water systems are gaining in popUlarity in the United States because of the fo llowing advantages over steam [7-8-9 ]:
1. Cogeneration of heat and power at the power plant is achieved with a higher thermal efficiency. In a hot water system, low pressure steam from turbine bleeds is used for heating the water supplied to the customers. In the steam system, the steam has to be extracted from the higher-pressure bleeds of the turbine to allow fo r required pressure drop in the piping network.
2. Hot water allows the transmission of heat over long distances, with relatively low heat loss, between 5 -10%.
3. The central control system fo r the heat supply from the power plant is more economic. For example, the relationship between supplied hot water temperature and ambient conditions can be more easily maintained.
4. The interconnection of the space heating and hot water customers to the district network is simplified.
5. In many steam district heating systems, the condensate is not returned to the power plant for a number of reasons (corrosion problems, collection problems, etc.). To replace the lost condensate in a steam system, high quality make-up water is required for the boilers, thus imposing a high cost penalty on steam systems.
6. Lower surface temperatures on the water radiators in the residential buildings provide for better sanitary and safety conditions. In steam heating systems, organic dust is partially decomposed on high-temperature steam radiators, and as a result harmful substances may be released in the living space. Therefore, in many countries steam district heating systems are not permitted fo r use in residential buildings.
7. The hot water network inherently provides for large heat storage capacity.that is proportional to the temperature increment above the water temperature required by the customers. This increment can be decreased easily at the power station during periods of low-Ioad demand. Usually, the temperature of water in the return line is increased by bypassing water from the supply line. Such a possibility does not exist in the steam networks. c. Water velocity: the pipe diameter and water velocity of the network are determined by design work that considers piping cost, pumping power, and heat loss to provide the minimum annual cost of the system. Based on these data, the water velocities may range from 0.5 to 4 mls (1.6 -13 ftls).
There are a few hot-water district heating systems in the United States, such as the district heating and cooling system Copyright © 2007 by ASME in Co-Op City, Bronx, New York, and another system in St. Paul, Minnesota. Both systems also produce electricity by means of a cogeneration, or combined heat and power (CHP), plant Originally, Co-Op City was provided with a steam DH system. In the 1990s it became clear that the steaming manholes and melted snow caused by miles of f ailing distribution pipe could no longer be ignored. Thermacor Process provided the pre insulated piping for nearly 43 km (27 miles) of cold and hot water piping. Some of the main pipes are up to 762 mm (30 inch) in diameter. In addition, pressure testable joint closures were developed and adopted to ensure proper sealing of the pipes properly [10] .
Currently, a combined cycle cogeneration plant is being built in Co-Op City that will consist of two Once Through Steam Generators (OTSGs) units. These units will recover waste heat fr om the exhaust of two 13 MW gas turbines, and produce steam for a turbine that will generate electricity fo r the Co-Op City housing cooperative. Also, steam generated by the OTSGs will be used fo r heating in the winter, and cooling in the summer time via absorption chillers. Excess electricity will be distributed to the New York power grid. The installation of these units was scheduled to be completed in the fa ll of 2006 The district cooling system of downtown St. Paul has been in operation since 1993 . This system serves over 80 customers and building fac ilities ranging in size fr om 1,115 to over 31 60,400 m 2 (12,000 -650,000 ft 2 ), fo r a total of 1.6 million m 2 (17 million ft 2 ). In addition, the district cooling distribution system consists of 10 km (6.2 mile) of twin supply and return chilled water pipelines (up to 762 mm in diameter), circulating 3.5 million liters (91 5,000 gallon) of water. There are six electric and two steam-absorption chillers at the District Energy plant, one electric chiller at the Tenth and Sibley cooling plant, several satellite chillers, and a 25 million-liter (6.7 million-gallon) chilled water storage system.
The construction of a CHP plant located adjacent to District Energy St. Paul's downtown fac ility was completed in the spring of 2003. The CHP plant produces heat and electricity making it more than twice as efficient as energy plants that only generate electricity. This plant produces 25 MW of electricity fo r the local utility and 65 MW of thermal energy.
It is interesting to note that this CHP plant is fueled by combusting 280,000 tons of wood waste annually, a plentiful and renewable local resource. A substantial portion of the wood waste comes from downed trees, tree trimmings and branches from around the Twin Cities area. Using this material has several benefits. First, by turning regional wood waste into a useful product, the system helps keep energy dollars in the local economy, instead of importing fossil fuels. Second, using wood waste helps solve the ongoing environmental challenge of wood waste disposal. However, the plant must use some coal and natural gas when there is a severe winter.
The CHP plant significantly reduces air pollution by displacing 80% of the coal and oil that would be burned every year. As a result, it reduces sulfur dioxide emissions by an estimated 600 tons per year and carbon dioxide emissions by 280,000 tons per year approximately. At the same time, ISO smokestacks and 50 cooling towers on downtown buildings have been eliminated, as well as 300 chimneys on nearby homes. Furthermore, the rates over the past ten years have been very stable ( Figure 1 ) [12] .
In 2001, this CHP plant was cited as a "model of energy efficiency, diversity and affordability" by President George W. Bush [13] .
Energy Charges: District Energy vs. On-Site 521 -'_TUl S18 ... The district heating and cooling system in Nashville, Tennessee, was the first in the U.S. to use municipal solid wastes as source of energy to provide both district heating and cooling. The WTE plant began operations in February 1974 and was capable of burning 1,000 tons of waste per day. The resulting energy was used to generate steam that heated 29 buildings in downtown, or to produce chilled water to cool 24 buildings. However, despite several expansions and updates to improve operations and to increase capacity during its 30-year life span, in 2001 this plant required a large expenditure to meet the MACT regulations of EP A for pollution standards. Moreover, a fire destroyed the tipping hall of the Waste-to Energy plant in May 2002 [14] . Therefore, the authorities decided to close the WTE, and modify the district energy system from a solid waste-fired system to a natural gas system by 2004.
In Baltimore, a privately owned district heating system provides heat to about 500 customers, including commercial and government buildings, hospitals, and schools. In 1986, the Baltimore Southwest Resource Recovery Facility, a 2,250 tons of waste per day mass-bum Waste-to-Energy fac ility, began to sell steam to the district heating system, thus making it the largest WTE fac ility in the United States to co-generate steam and electricity at that time.
The use of heat recovered from municipal waste combustion fo r district heating is still small in the U.S. However, with the increase in tipping fe es and widespread concern about the environmental impacts of landfills, it is expected that waste heat recovery from solid waste combustion, linked to existing or proposed district heating systems, may become more widespread [7] .
Financing
Both Waste-to-Energy fac ilities and district heating and cooling systems are highly capital intensive. On the average, district heating operates with 80 % fixed cost and 20 % variable costs. This is exactly the opposite of the cost ratio fo r its gas competitors, indicating the sensitivity of the systems to interest rates and fmancing methods. For district heating, over half of the capital costs are represented by the transmission and distribution network. Costs can be minimized by keeping the length of piping to a minimum. Thus, most systems are designed to serve high-use customers with specified areas. Existing U.S. steam systems serve between 1,000 and 3,500 customers.
It should be noted that most of district heating projects fo r urban areas in the U.S. have used long-term municipal bonds, usually with bond rates at 7% over the assumed 30-year life of the project [15] .
An important aspect of fa cility success is the need fo r systems to get customers to sign long-term, 20-year, take or pay commitments as is required by public policy in Denmark. This is difficult because the commitments may be considered a lien against property. Although the legal validity of these commitments has not been tested, this requirement unnecessarily complicates already difficult institutional arrangements and further extends the long development time [7] . (Table 2 ) [16] .
One of the authors attended the 2006 Annual Conference of the International District Energy Association (IDEA), a nonprofit trade association that is promoting district heating and cooling. In this conference, there were two presentations that described two U.S. Waste-to-Energy plants providing steam to a district heating system, as described briefly below.
Indianapolis Waste-to-Energy Plant
The Indianapolis WTE plant began commercial operation in 1988, serving approximately 815,000 residents of the City of Indianapolis, Indiana. The plant fac ilities are on a plot of 21 acres. The plant processes 2,175 tons per day of solid waste and generates over 1.3 MW of heat (4,500 lb of steam) per ton. Approximately, ten million pounds of steam are purchased by Citizens Thermal Energy daily. In fa ct, the Indianapolis WTE plant provides almost half of the steam needed fo r the downtown area. This area includes nearly all downtown businesses, Indiana University, the Indianapolis campus of Purdue University, and Eli Lilly -the area's largest pharmaceutical manufacturer. The Indianapolis district heating area is the second largest in the U.S.
The Citizens Thermal Energy district heating system was . founded in 1893. It has 39 km (24 miles) of distribution piping and 640 manholes. Its capacity is approximately two million pounds of steam per hour, serving 240 customers. In addition, the Citizens Thermal Energy district cooling system produces 66,050 tons of chilled water since 1990. The district cooling system has 24 km ( 15 miles) of distribution piping and 150 manholes, with 47 customers (62 buildings) [17] [18] . Each boiler is equipped with an auxiliary burner system capable of runrting at 50% efficiency on fuel oil, natural gas and landfill gas. In addition, the plant also has fo ur fo ssil fuel boilers rated at 100,000 lbslhr of steam (two of them can run at 36% of rated capacity on landfill gas) providing complete redundancy. As a result, steam is available 100% of the time.
This plant has no electric generating capabilities and produces nearly 180,000 pounds of steam per hour that is shipped via seven miles of pipeline to the U.S. Army's Redstone Arsenal. The steam is delivered approximately at 205°C (400 OF) and 15.5 bar (225 psi) and is used fo r heating and air conditioning, thus eliminating the Arsenal's dependence on its own steam production equipment. The pollution control technology used at the fac ility complies with all presently applicable fe deral, state and local environmental requirements.
The Solid Waste Disposal Authority of the City of Huntsville (SWDA) receives 100% of the total sales from the Waste-to Energy Facility's energy production sold to Redstone Arsenal.
Approximately 52% of the SWDA income is derived from the sale of steam. The other 48% comes from tipping fe es ($40/ton) and metals recovery [19] [20] . Most of the steam piping is above ground (67%) and is in good condition. However, most vault piping is in poor condition.
Technical and Economic Aspects of a District Heating System in an Existing Waste-to-Energy Plant
To determine the fe asibility of a district heating system supplied from an existing WTE plant, the fo llowing major technical and cost components need to be considered: 3. Density of residential, commercial, and institutional buildings in the area.
4. Facility of building the required infrastructure fo r distribution and use of thermal energy to be provided by the WTE.
As would be expected, studies have shown that a retrofit cogeneration plant is most economical in locations requiring high heating loads per unit surface area. The northeastern U.S. is more amenable to DH, both from the point view of total load and load fa ctor. However, it should be noted that it is needed to address some technical aspects about retrofitting a WTE plant. For example, in order to provide thermal energy, the WTE must sacrifice a certain percentage of the electricity production as shown in Figure 2 . The electricity lost because of cogeneration depends on the extracted steam flow rate, pressure, and number of extractions. The ratio of the electricity lost to the heat supplied fro m the turbine depends on turbine design and may range 0.1 to 0.2 kWh of electricity per kWh of thermal energy obtained [22] .
When considering the conversion of existing steam turbines to district heating operation, the possibility of extracting up to 15-20% of the throttle steam flow fro m the crossover point of the turbine should be considered. An additional pressure control system may have to be installed at the crossover pipe to provide reliable operation of the turbine under district heating conditions.
It is important to note that the retrofitting of existing turbines to extract the required steam flow fo r DH service is difficult and involves a significant redesign of the turbine and its control system. As a result, a substantial outage time may be necessary fo r modification. For instance, three months outage time was required to install a piping and control system to extract steam from crossover of a 160-MW turbine.
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In order to co-generate electricity and heat, the steam turbine must have bleeds that provide steam at an appropriate and controlled pressure. In some cases, this modification is not possible and as a result the installation of a new steam turbine is necessary [23] . Turbines that are suitable to co-generate electricity and heat have been developed and are commercially available.
The European cogeneration turbines are able to meet two principal requirements:
1. Providing suitable openings in the turbine cylinders for extraction of large amounts of low-pressure steam to the network heat exchangers.
2. Controlling concurrently and independently the electrical load and steam extraction fo r district heating over a wide range of electrical and district heat load demands.
The available heat that may be extracted from a turbine fo r district heating purposes depends on the throttle steam parameters, extraction pressures and number of extractions used fo r district heating. It has been recommended that for DH hot water supply temperatures from 93 and 121°C (200 -250 OF), the fo llowing ratio of the heat extracted to electricity generated may be used fo r preliminary estimates [9] : Retrofitting of WTE plants fo r cogeneration is always technically possible and the retrofit of WTE plants that provide hot water to a district heating system to co-generation of heat plus electricity is widespread in Europe. In contrast, the retrofit of a WTE plant that provides electricity to grid to co-generates heat and electricity is not as common in Europe [23] .
In order to examine whether it is fe asible the retrofit a WTE plant to provide heat as well electricity, this study will examine a preliminary evaluation of the Wheelabrator Bridgeport and the Covanta Energy Preston WTE fac ilities.
Retrofitting the Bridgeport WTE
The Bridgeport WTE plant of Whee lab rat or Technologies is located in the city of Bridgeport, Connecticut. This city has a population of 140 thousand people according to Census 2000, and a density population of 8,720 inhabitants per square mile that is 3,367 inhabitants per square kilometer [24] . There are some similarities between Bridgeport and a very successful district heating hot water system powered by a cogeneration WTE plant in Brescia, Italy (WTERT 2006 Industry Award). Brescia has nearly 200,000 inhabitants and a population density of 2,092 inhabitants per square kilometer. The Brescia WTE provides to the city of Brescia electricity (200 GWh/y) and heat (350 GWh/y) that amounts to a quarter of the city's energy needs [25] .
The Bridgeport WTE plant processes up to 700,000 tons/yr of MSW from 14 Connecticut townships and provides electricity to an estimated 40,000 households. It generates 67 MW of electricity, of which 60 MW fe ed the grid and 7 MW are used 35 internally. The current tipping fee is $72.50 per ton of MSW. This plant is only two miles away from the center of the downtown area [16, 26, 27] . Thus, a district heating system may be fe asible in Bridgeport. First of all, it is necessary to estimate the size of the heat load in order to determine the cost of the retrofitting. Also, it is important to consider the amount of electricity that may be sacrificed by conversion to cogeneration.
DR Distribution Network
The main cost of a DH system is usually the installation of the pipeline network. The components making up the cost of a hot water pipeline vary widely A typical cost distribution fo r installation in an open field is shown in Table 3 . Table 3 . Components of cost of piping system (28)
Component Percent
Supply of pipe 55%
Excavation 20%
Laying and jointing 5%
Fittings and specials 5%
Engineering and survey costs 5%
Others (coating, structures, 10% administrative costs, etc.)
Total 100%
In planning a pipeline system, it should be kept in mind that the size of the system has a considerable effect on the unit costs. By doubling the diameter of the pipe, other fa ctors such as head remaining constant, the capacity increases six-fold. On the other hand, the cost approximately doubles so that the cost per unit delivered decreases to 113 of the original [28] .
The cost of the distribution network was estimated using the guidelines provided by Natural Resources Canada [29] . These determined the capital cost and the cost per megawatt hour ($/MWh) of installed pipes fo r a hot water district heating system in a certain area in the vicinity of the Bridgeport WTE plant.
Selection of service area and determination of floor area served
The service area refers to the area of the community to be served by the district heating system. It may consist of the entire community or only a particular district. The selection of a service area affects the amount of energy required and the degree to which fo ssil fuel, usually fuel oil or natural gas, can be replaced by more environmentally fr iendly or lower cost sources of energy. It may not be cost effective to serve an area that is too large, while an area that is too small may not be cost effective.
Floor space density has proven to be a good tool fo r selecting a suitable service area, although it is difficult to generalize about the best areas of a community in which to implement district heating. In high floor space density areas, the heat load served per meter of pipe is usually high and the installation expensive. This is because of existing underground infrastructure and traffic disruptions. On the other hand, in lower floor density areas, the heat load per meter of pipe is usually smaller and the installation costs are lower. Generally, areas of high density are good candidates fo r the fIrst phase of a district heating system. Downtown areas and business districts are the areas with the highest density. As the service area extends fa rther from the center, density decreases. Residential areas of suburbs usually have the lowest density.
For these calculations, density is referred as the floor area per unit of total surface of the service area. This value varies from 0.3 to 3. The most accurate way to evaluate the density is to calculate the floor area from municipal records and the total surface from a map and then compute their ratio. For a preliminary assessment, the average density of the chosen area can be based on the reference examples provided in the Natural Resources Canada Brochure [29] .
The authors selected a service area of one square mile surrounding the Bridgeport WTE plant, i.e.2.6 million square meters, fo r this preliminary study. The estimated density of the area -assuming residential area, mix of two-story buildings and single-family homes in Bridgeport -was 0.5 square meters of floor area per square meter of total surface area . Therefore, the floor area was calculated to be:
Floor area = 2.6 million m 2 * 0.5 floor area/total surface of the area = 1.3 million m 2
Assessment of peak heating demand
The average peak heating demand is the maximum power needed to keep the temperature of the buildings and houses of a service area at 18°C (65 OF) and to heat the domestic hot water. This value depends mainly on two fa ctors: design outdoor temperature and domestic hot water consumption. Estimation of these two fa ctors requires a detailed assessment fo r a particular district heating project. For simplicity, the Bridgeport value was assumed to be that provided fo r the average peak heating demand of Toronto, in Table 1 of the Natural Resources Canada Brochure [29] . Accordingly, the average peak heating demand was assumed to be 75 watts per square meter.
The peak demand is the maximum power required to supply sufficient energy to the service area. Multiplying the floor area estimated in the fu st step by the average peak heating demand results in the fo llowing power demand:
Peak power demand= 1.3 x 10 6 m 2 * 75 W 1m 2 = 97 x 10 6 W =
MW heat
Kalhammer [30] determined that for district heating to be economical, a concentration of DR consumers is required with a minimum heat load density of 60 -90 MW per square mile. On this basis, the above district heating system fo r Bridgeport would be economically fe asible. Rot water DR has the advantage of being able to use pre insulated pipes. These pipes offer considerable savings with respect to piping installation, as compared to the old method of wrapping pipes in mineral wool in concrete casings or in tunnels. Typically, pre-insulated district heating pipes are steel pipes covered with polyurethane fo am insulation and a high density polyethylene casing. For systems operating at temperatures less than 95°C (203 OF), the most economical option is the use of flexible plastic pipes fo r building connections.
The cost of district heating pipes depends on their diameter. In tum, this depends on demand, temperature difference between supply and return pipe, and relationship between velocity and pressure. For the service area of this study, the peak demand and the density of the floor area are 97 MW and 0.5 respectively. Using Graph C of the Natural Resource Canada Brochure [29] and extrapolating to the assumed Bridgeport DR, the minimal cost for installation of the piping system was estimated at $11.7 million.
Adjustment of piping cost fo r ground conditions
The estimated minimal cost fo r pipe installation should be adjusted fo r ground conditions that can affect excavation and ground restoration costs. The ground conditions are divided in fo ur categories:
Condition 1: loam, sandy, nearly fr ee from roots, boulders, or other obstructions.
Condition 2: ordinary clay soils with few roots, rocks or other obstructions.
Condition 3: fairly hard or tough clays, or ordinary clay with some loose rock or shale.
Condition 4: mixture of clay and loose rocks, soft shale and hard and tough clays, difficult excavation requiring elaborate restoration (e.g. downtown areas).
T hese conditions will affect the cost of installation, with Condition 4 being the most difficult and Condition 1 the easiest. Other fa ctors, such as the level of the ground water table and bedrock, will also affect the excavation costs. In order to be very conservative, the worst scenario of Condition 4 was assumed: As a result, the adjusted distribution cost was estimated to be twice the minimal cost, i.e., $24 million,.
An economic analysis fo r investment of the distribution network was calculated assuming municipal ownership with 100% debt fmancing with bonds at 7% and a 30-year life. The resulting annual cost fo r the piping network was estimated at about $1.9 million.
5.
Estimate of capital cost s of retrofitting the WTE fa cility fo r DH service.
The capital cost involved in retrofItting the WTE plant, so as to generate electricity and also heat water for the DH system, is impossible to estimate without specifIc information on the particular WTE, that was not available to the authors. It will be relatively low if an existing turbine can be retrofitted and probably prohibitive if a new turbine is required, unless the retrofi t is associated with the installation of an additional WTE unit. However, on the basis of information provided in the literature, the retrofit cost will be a fr action of the DH distribution network.
Assessment of total energy demand
The peak demand and equivalent load utilization period are necessary to determine the total energy demand. During a normal heating season, the energy generating fac ilities supply a certain amount of energy to the network. The "equivalent full load hours" is defmed as the time required to generate this amount of energy, if the generating fac ility were to operate continuously at peak load. The equivalent full load hours depends upon the heat demand profile of the service area, or "load duration" curve.
An accurate calculation of the equivalent full load hours is quite involved. For simplicity, this study assumed the value associated with Toronto of 2,175 hours per year [29] . The resulting total energy demand, for the previously estimated peak demand of 97 MW (step 2), is:
Total energy demand= 97 MW * 2,175 h/y= 211,000 MWh/y = 211 GWh/y
Assessment of revenues fr om DH system
The revenues that the Bridgeport WTE may derive from the DH retrofit was estimated using the average annual bill fo r Southern Connecticut Gas residential customers who use natural gas for heating. This was approximately $2,000, according to the Department of Public Utility Control [31] . Taking into account the average density of housing units [24] indicates that the economic benefit may be as high as seven million dollars annually: [16] [17] [18] . Presently, Covanta is planning to add a third line. Therefore, the Preston WTE plant may be modified to provide both heat and electricity if it is shown to be economically and technically feasible.
Estimating the DH distribution network Again, a service area of 2.6 million square meters (l square mile)) in the vicinity of the Preston WTE plant was selected for this preliminary study. The estimated density of the area assuming residential area, single-family homes in Preston, is 0.3 square meter of floor area per square meter of total surface area. Therefore, the floor area is:
Floor area = 2.6 million m2 * 0.3 floor area/total surface of the area = 0.8 million m2
2. Assessment of peak heating demand
The peak demand is the maximum power required to supply sufficient energy to the service area. Considering the floor area fo und in the fITst step and the average peak heating demand results the peak demand:
Peak demand= 0.8 x 106 m2 * 75 W/m2 = 58 x 106 W = 58 MW This value is at the low end limit of 60 MW per square mile, that is preferable fo r a district heating project [30] .
Assessment of total energy demand
For this case, the peak demand is 58 MW (from step 2) and the estimated equivalent full load utilization period is about 2,175 hours/year. Hence, the resulting total energy demand is:
Total energy demand= 58 MW * 2,175 h/y= 127,000 MWhly = 127 GWh/y
Revenues fr om District Heating
The additional annual revenues to the Preston WTE from the sale of heat are calculated, similarly to the Bridgeport WTE, to be $3.8 million annually. This is considerably lower than the $6.8 million estimated for the same area of one square mile in Bridgeport.
Conclusions
Waste-to-Energy technology and district heating and cooling systems are complementary solutions fo r several reasons. First, waste that is used locally as the fuel to power the WTE plant avoids methane and other emissions at distant landfills and also reduces the use of non-renewable fo ssil fuels. Second, a district heating and cooling system provides a centralized and efficient way to supply heating to a residential an/or commercial area, thereby increasing the thermal efficiency of the WTE substantially and also avoiding the uncontrolled emissions of thousands of residential and commercial boilers. Third, WTE costs are predictable and do not fluctuate like natural gas or fuel oil.
There are numerous conditions fo r proposing district heating in the U.S. using WTE plants, especially in the northern reg ions. First, northeastern cities are densely populated, have cold winters, and large heating expenditures in the cold months of the year. Second, the technologies fo r retrofitting a WTE plant and building a district heating are available and proven within the U.S .. Third, there is an ample supply of MSW to fuel new WTE plants, or expansions of existing WTEs.
Scandinavian countries have been very successful in promoting and constantly increasing their hot water district heating networks. In contrast, there is a lack of energy policies relating to district heating and increasing energy efficiency of coal and MSW-fued power plants in the U.S. One option may be to fo rm an alliance between the WTE industry and the International District Energy Association (IDEA) with the objective of increasing the contribution of district heating in the U.S. and influencing fa vorable policies fo r cogeneration.
This preliminary analysis showed that the district heating system at Bridgeport holds considerable promise and should be examined further by Wheelabrator Technologies. The Preston DH network will be difficult to implement due to low density of housing units and heating demand. Although the mains would be of smaller diameter and less connecting piping would be required at Preston, the decrease in revenues, due to the much lower heat requirement, indicates that the Bridgeport case was much more fa vorable.
The next step in this study is fo r WTERT and one of the major WTE companies in the U.S. to identify one or more WTE plants that are most amenable to switching to the cogeneration mode. This should include WTEs that are located close to an existing district heating system, e.g., such as the one in Hartford, Connecticut.
